reproducing in the population they joined, these individuals contribute to the local demography but 38 also transfer their genetic material into the gene pool, thus inducing gene flow among populations. A 39 meta-population is a network of local populations where local populations are populations exchanging 40 individuals but having somewhat independent dynamics (Levins 1969) . Determining how many local 41 or meta-populations exist and characterizing the relationships among them is a challenging task. 42
Numerous definitions of the population concept exist (see Waples and Gaggiotti 2006) . Almost all 43 involve interbreeding individuals over a geographical area. However, they lack objective and 44 quantitative criteria for delimiting distinct populations. In this context, different researchers might 45 identify different population structures based on the same information (Waples and Giagiotti 2006) . 46 Population connectivity has two components: genetic and demographic connectivity. Genetic 47 connectivity is defined as the degree to which gene flow affects evolutionary processes within 48 populations and demographic connectivity as the relative contribution of dispersal to population 49 dynamics (Lowe and Allendorf 2010) . The two components inform on population connectivity at 50 evolutionary and ecological time scales, respectively. For example, high genetic connectivity does not 51 necessarily imply high demographic connectivity and that a single unit should be considered for 52 management (Hawkins et al. 2016) . 53
On one hand, genetic connectivity is often derived from the measure of genetic differentiation 54 between populations shaped by the interplay of the four evolutionary forces (gene flow, genetic drift, 55 selection and mutation) (Hallerman 2003; Stearns and Hoekstra 2005) . Their respective magnitude is 56 greatly dependant on population abundance and only gene flow is relevant as the genetic component 57 of population connectivity. Therefore depending on the population abundance, genetic differentiation 58 D r a f t 3 can be a poor proxy of gene flow. For example in the case of large populations, genetic differentiation 59 can remain weak despite reduced levels of gene flow, because of a very low genetic drift. In studies of 60 genetic population structure, the absolute number of migrants is used preferentially to the migration 61 rate as it conveys information on population abundance, i.e. census population size (Palumbi 2003) . 62
However, knowledge on population abundance is often lacking, especially for marine populations. 63
On the other hand, demographic population structure greatly depends on life history traits. Indeed, 64 following the definition above of demographic connectivity, demographically connected populations 65 display intrinsic growth or survival rates that are reciprocally affected by immigration or emigration 66 (Lowe and Allendorf 2010) . Thus evaluation of demographic connectivity requires information on the 67 contribution of dispersal but also on the demographic rates and abundance of each population. This 68 information is not only needed for assessing the effect of dispersal on population growth rates but also 69 for defining threshold values for demographic connectivity. Despite the importance of demographic 70 connectivity for defining management units, defining appropriate thresholds for demographically 71 connected populations has received relatively little attention in the literature (Waples and Gaggiotti  72 2006; Waples et al. 2008 ). Importantly, for both genetic and demographic connectivity studies, 73 dispersal is a central process that we define as an individual leaving the home range of its birth 74 population to move to another population's home range, the movement being one way and not a round 75 trip (Dingle 2014) . 76
In this study we evaluated the use of genetic and demographic connectivity for identifying 77 management units of rays and skates. Bycaught in several fisheries, many populations of skates and 78 rays have declined, sometimes strongly, in the Northeast Atlantic during the 20 th century (Quéro and 79 Cendrero 1996; Dulvy et al. 2014) . Therefore the conservation of these species has become a major 80 objective for ensuring sustainable exploitation of marine resources (Dulvy et al 2014; Davidson et al. 81 2015) . For reaching this objective, it is fundamental to delimit appropriate management units. 82
However, for many species, available data are restricted to life history traits (though not always 83 available for all populations), landings and only in some cases survey time series informing on 84 abundance changes (ICES 2016) . In European waters, recent landings levels of most ray and skate 85 species differ greatly between the southern North Sea, the western Mediterranean Sea and the Azores,D r a f t 4 which can be considered indicative of differences in population abundances as there are no species-87 specific catch quotas in place for these species (Fig. 1a) (ICES 2016) . 88
In contrast to teleosts, rays and skates have a low potential for dispersal and thus gene flow. They 89 produce few offspring that develop in egg capsules fixed to the seabed during several months 90 (Hoening and Gruber 1990) . As there is no pelagic larval stage which can be dispersed by marine 91 currents, the dispersal of rays and skates is solely based on the movements of juveniles and/or adults. 92 Ovenden (2013) argued that due to dispersal happening at later life stages elasmobranch species might 93 present crinkled connectivity which she defined as a situation where dispersal is large enough to make 94 populations genetically similar but too small to matter for demographic connectivity. 95
For several medium sized ray species comparable degrees of movements between adjacent 96 populations have been observed (Walker et al. 1997; Hunter et al. 2005a; Stephan et al. 2015) . 97
However, for two ray species sharing similar life history traits and overlapping spatial ranges, 98 genetics studies have indicated distinct structuring patterns. The thornback ray (Raja clavata) seems 99 to display strong spatial genetic differentiation while the thorny skate 100 (Amblyraja radiata) presents only weak although significant differentiation (Chevolot et al. 2007) . 101
These contrasting results could be due to differences in dispersal behavior, despite similar biology, 102 D r a f t 5 population abundances (Fig. 1a) . As no reliable dispersal rates estimates were available on a European 115 scale (but see Walker et al. 1997 for regional dispersal values), we defined plausible scenarios based 116 on expert knowledge. Genetic connectivity was evaluated by calculating the fixation index F ST 117 defined by Wright (1949) . In contrast we did not evaluate demographic connectivity sensus stricto, as 118 the effect of dispersal on population growth rates was not investigated directly. Instead we evaluated 119 whether the number of dispersed individuals was likely to contribute to local population abundances. 120
In addition, using a matrix model we identified the life history parameters and life stages to which the 121 population growth rate was most sensitive. These results provided context for interpreting the 122 importance of dispersal for population growth. 
Usher matrix model

127
To appraise the potential importance of dispersal for population dynamics of a thornback ray like 128 species we studied the sensitivity and elasticity of intrinsic population growth rate to variations and 129 uncertainty in life history traits. To this aim we used an Usher matrix model (aka Lefkovich model) 130 (Usher 1966) . The model consisted of four life stages grouping ages with similar demographic 131 parameters: stage 1 included age 1 individuals, stage 2 ages 2 to 6 (immature), stage 3 ages 7 to 11 132 (mature individuals) and stage 4 ages 12 years and older (highly fecund mature individuals). 133 represents an increase in the rate of fecundity between stages 3 and 4. A sex ratio of 1:1 was assumed 142 (P ♀ =0.5), which is typical for rays and skates (Steven 1933 The global sensitivity analysis was carried out using the Morris (1991) 
174
These elementary effects are computed at various locations of the parameter space so interaction 175 effects can be evidenced. Here k=20 was used and rather extreme maximum and minimum parameter 176 values were chosen ( Table 1) . The method uses an efficient sampling design which led to 16 200 177 estimates of d i (P). These were then summarized by calculating for each parameter P i the mean of 178 absolute effects ߤ * = |݀ ప (ܲ)| തതതതതതതതത which quantifies sensitivity and the variance σ 2 which informs on the 179 strength of interactions. All calculations were carried out in R using the package 'sensitivity' setting 180 the number of elementary effect computed per factor to 1800 (V1.14.0, Pujol et al. 2014 For evaluating demographic and genetic connectivity, 11 putative populations of thornback ray were 185 assumed, based mainly on expert judgement and results from a population genetics study (Chevolot et 186 al. 2006) (Fig. 1b) . Only a few tagging studies were available for medium sized skate and ray species 187 but all showed recapture or travelling distances less than 150 km (Supplementary Table 1 currently assesses several of these 11 putative populations together ( Table 2) . 190
To create the matrix of dispersal probabilities between the 11 putative populations, we first traced 191 the pairwise shortest marine geographical distances ( Table 3 ). This implied non-symmetrical dispersal probabilities, ݀ ≠ ݀ . The two dispersal matrices 209 were used for studying demographic and genetic connectivity (Fig. 2ab) . 210
For genetic connectivity estimation (see below), dispersal was assumed to occur before the first 211 birthday of egg laying only. This is equivalent to assuming that each individual reproduces in one 212 population only during its life, either in its native population or in the one it dispersed to. This type of 213 behavior has been observed for several fish species with individuals breeding several years in the 214 same area ( The simulations were set up to follow as much as possible the life cycle of medium sized rays and 241 skates taking the thornback ray as model. Yearly each mature individual produced gametes according 242 to its fecundity and sex. Fecundity was fixed to 140 gametes for females and 10 000 for males to 243 represent the situation where female gametes are limiting reproduction. Gametes were subject to 244 mutation, with a mutation rate of 1E-06, and fused into eggs with a particular sex and genotype. The 245 dispersed newborns became part of a new population following a recruitment function, which was 246 adapted to correspond to mortality from hatching to age 1. Survival-at-age was as in Supplementary 247 Figure S1 . 248
For both dispersal scenarios, the 11 putative populations were simulated for 10 000 years, repeating 249 the simulations 200 times. This time horizon was selected to study long-term effects of genetic 250 differentiation since the last glacial maximum (Hewitt 2000). Population abundances remained 251 constant at N 0 throughout the whole simulation period (Table 2) . Dispersal probabilities varied 252 between populations but were constant during the 10 000 years as no information on changes in 253 dispersal was available. 254
For each replicate, one neutral biallelic locus was simulated with an allelic frequency of 0.5 for all 255 populations at the beginning of the simulation (year 0). As our aim was to identify management units 256 simulations with different abundances as described above. These ratios of F ST values were then 276 linearly regressed on the absolute difference in abundance between pairs of exchanging populations. 277
Demographic connectivity 278
For studying global demographic connectivity C for each putative population i, the relative change 279 in abundance after a single dispersal event was calculated as: 280
where ܰ ଵ is the abundance before the dispersal event for population i (see Table 2 ), ܰ ଵ is the 282 abundance after the dispersal event for population i and d ij is the dispersal rate from population i to 283 D r a f t 12 population j as described above. This approach was chosen as life history parameters were not 284 available for all putative populations making it impossible to use a more detailed dynamic modelling 285 approach. Further, considering a short term perspective is in line with the requirement that exchanges 286 between connected populations have to occur in most years for using them as basis for defining 287 management units (Hawkins et al. 2016) . 288
The origin of individuals in each population i after a single dispersal event was then investigated by 289 calculating the proportion of individuals in population i that came from population j, P i|j, as: 290
This metric P i|j is referred to as pairwise demographic connectivity. populations linked by ≥10% migrants should be assigned to the same management unit. We therefore 294 compared pairwise demographic connectivity estimates P i|j to the threshold value of 0.1. This choice 295 is somewhat arbitrary and will be discussed below. 296
To evaluate the contribution of the difference in abundance to demographic connectivity, we also 297 calculated the pairwise demographic connectivity between the 11 putative populations with identical 298 population abundances (10 000 individuals). Then, we selected population pairs leading to P i|j >0.1. 299
As for genetic connectivity, the effect of differences in abundance on the demographic connectivity 300 values was evaluated by calculating the ratio between the P i|j values of the selected pairs with 301 identical abundance and the P i|j values of the same pairs with different abundance. These ratios of Local elasticity analysis identified the survival of stage 3 individuals (S 3 ) as the parameter to which 311 intrinsic population growth was the most reactive, while it was least reactive (and reacting negatively) 312 to the rate of fecundity increase from stage 3 to 4 (H 3 ) (Fig.3a) ; similar results were obtained for the 313 set of alternative parameter values and when varying parameter values by ±10%. All elasticity values 314 were <0.2 except for S 3 and S 2 thus indicating a degree of robustness to parameter value changes. 315
Results of the global sensitivity analysis (Morris method) differed from the local elasticity analysis 316 (Fig.3b) . S 0 was the parameter with the highest influence on intrinsic population growth (λ) changes 317 and the highest strength of interactions (large σ 2 ), directly followed by S 1 , S 2 and H 2 . Changes in 318 parameters S 3 , S 4 and H 3 had little influence on λ. These parameters interacted little, with the smallest 319 value for σ 2 reached by H 3 . The influence of the number of eggs Ω 4 was intermediate. 320
From these complementary analyses it appeared that survival rates of immature individuals (S 0 , S 1 321 and S 2 ) were the parameters to which the population growth rate was most sensitive. On the other 322 hand, parameters linked to the mature stages (S 3 , S 4 and H 3 ) appeared less important in terms of 323 contribution to changes in λ and interactions with others parameters. 324 (Fig. 5a) . The threshold value 0.001 was therefore used for identifying genetically 335 disconnected populations. Note that small pairwise F ST values occurred even though there were very 336 few pairwise migrants (pairs in bottom left corner of figure 5a with <1 migrant). This is due to the 337 existence of multiple connections for certain populations. 338
Genetic connectivity
For both dispersal scenarios, analysis of pairwise genetic differentiation between putative 339 populations revealed high genetic differentiation between the Azores (Az) and the other populations 340 (F ST > 0.03 after 10 000 years) (Fig. 4c&d) . Mediterranean populations (GoL and Co) were also 341 differentiated from the other populations (mean F ST > 0.035). This was not surprising given the 342 assumed geographic isolation of both the Azores and Mediterranean populations. Mediterranean 343 populations were more differentiated (F ST ≈ 0.1) from the Azorean population than Atlantic 344 populations mainly due to lower assumed dispersal rates but also due to smaller population sizes ( Fig.  345 4 c&d). The simulations with identical populations sizes (10 000 individuals) confirmed that in this 346 case genetic differentiation patterns were driven by the assumed dispersal patterns with Mediterranean 347 populations being again more differentiated from the Azores compared to the Atlantic populations 348
(not shown). 349
For dispersal scenario 1, after 10 000 years, Atlantic populations (except the Azores) were not 350 genetically differentiated from each other, i.e. pairwise F ST values were <<0.001 (Fig. 4c, Table 2) . For dispersal scenario 2, Atlantic populations (except the Azores) were more structured (globally 355 higher F ST value than for scenario 1) but not genetically differentiated from each other applying the 356 threshold value of 0.001 (Fig. 4d, The two patterns of genetic differentiation between the 11 putative populations primarily but not 363 exclusively reflected dispersal patterns, as relative differences in population sizes also played a role. 364
For example, in scenario 1, differentiation between the Azores and Eastern Channel was weaker than 365 differentiation between the Azores and the Bay of Biscay despite an identical dispersal rate. To 366 visualize this abundance effect, the ratio of F ST values obtained assuming identical population 367 abundances and population specific ones (N 0 ) was regressed against the absolute value of the 368 difference in population specific abundances. For both dispersal scenarios this relationship was linear 369 and rather similar (Fig. 5b) . Thus, the difference found in the pairwise F ST of the Azores population 370 with the Eastern Channel compared to the Bay of Biscay was due to the difference in abundance (Fig  371   4c&d) . 372 373
Demographic connectivity
374
The two dispersal scenarios led to qualitatively similar results in terms of global demographic 375 connectivity, i.e. annual net contributions of dispersing individuals to the different putative 376 populations ( Fig. 6b&d and Supplementary Tables S6 and S7 ). The biggest source population was the 377 Eastern English Channel (EC), which had an annual net loss of -15% and -4% for dispersal scenario 1 378 (strong dispersal) and scenario 2 (strong sedentary behavior), respectively. The annual net losses for 379 the Bristol Channel population (BC) were -7% and -2% for dispersal scenario 1 and 2, respectively. 380
For Southern Portugal (SP), these were -1% and -4%. Azores (Az), East Corsica (Co) and Gulf of 381 Lion (GoL) populations had minor exchanges with the other populations while all other populations 382 experienced net gains for both dispersal scenarios. More precisely, the populations near Ireland and in 383 the Western Channel (including Southern Celtic Sea) gained most under dispersal scenario 1 (+18% 384 D r a f t 16 and +16%) while for dispersal scenario 2 the biggest net gain was found for the Cantabrian Sea 385 population (+12%), followed by the Irish population (+10%). 386
Considering only population pairs linked by pairwise demographic connectivity of more than the 387 10% threshold value, thirteen pairs of demographically closely linked populations emerged for 388 dispersal scenario 1 (Fig. 6a) . Three pairs exchanged reciprocally more than 10% of individuals: (1) 389 the Eastern Channel and the North Sea, (2) the Eastern Channel and the Bristol Channel and (3) the 390
Bay of Biscay with the Cantabrian Sea. For the two first pairs, if we look at net exchanges, the 391 Eastern Channel appeared to be a source while the North Sea and the Bristol Channel were sinks. For 392 the seven other pairs only one of the two received more than 10% of individuals from the other ( reciprocal links, all eleven putative populations were demographically independent and hence should 414 be managed separately under this dispersal scenario. 415
Abundance differences also played a role for demographic connectivity (Fig. 6e) . To visualize this 416 abundance effect, the ratio of P i|j values obtained assuming identical population abundances and 417 population specific ones (N 0 ) was regressed against the difference in population specific abundances 418 (not absolute difference as for genetic connectivity) (Fig. 6e) . For both dispersal scenarios this 419 relationship was linear and positive, though rather weak for scenario 2 in contrast to genetic 420 connectivity for which no difference between scenarios was found (Fig. 5b) . 421 422 
Discussion
Population growth
424
Analyzing the elasticity and sensitivity of the intrinsic population growth rate in the Usher matrix 425 model for a thornback ray-like species we found that it was most sensitive to the survival from egg 426 laying to stage 1 (S 0 ), followed by the survival of stages 1 and 2 (S 1 and S 2 ) and least sensitive to the 427 maturation rate (H 3 ), that is to the proportion of mature individuals moving to stage 4 with higher 428 fecundity. This result likely applies to other ray and skate species which share the late age-at-maturity, 429
hence probably similar survival rates, and low fecundity as for thornback ray (Supplementary table 1) . 430
Given survival during the early stages is such an important parameter for population dynamics it 431 would be important to obtain field estimates for each population. Unfortunately we do not know of 432 any in situ method for estimating first year survival. For older individuals capture-mark-recapture 433 methods might be feasible (e.g. Neat et al. 2015) . 434 435
Population connectivity
436
Genetic simulation results indicated a strong influence of assumed dispersal rates on genetic 437 population structure, though population abundance differences were found to substantially modify theD r a f t effect of contrasting dispersal rates (Fig 5) . This result is not surprising as the level of genetic 439 differentiation among populations is directly related to the balance between gene flow (related to 440 dispersal) and genetic drift (somewhat related to population abundance) (Wright 1949; Palumbi 2003 ; 441
Waples and Gaggiotti 2006). Genetic connectivity simulations indicated four meta-populations (Table  442 2), the first along the Atlantic continental shelf, the second around the Azores (whose structure was 443 not studied here) and the third and fourth in the Gulf of Lion and around Corsica, which globally 444 agrees with the empiric genetic result found by Chevolot Celtic Sea stock were grouped with the Eastern Channel and the North Sea stock based on genetic and 476 demographic connectivity (both dispersal scenarios) (Table 2) . However, field studies are needed to 477 confirm the identified meta-population structure before any recommendations for changing stock 478 assessment units can be made. As current management units for skates and rays are not aligned to 479 stock assessment units, a complete revision of the management of skate and ray fisheries in European 480 waters would be needed in a second step. 481
The results concerning potential meta-population structures differed somewhat between 482 demographic and genetic connectivity with more population being genetically connected than 483 demographically. This phenomenon was empirically observed in shark and named crinkled 484 connectivity (Ovenden 2013) . It occurs when migration is above the threshold required to link 485 populations genetically, but below the threshold for demographic links (Ovenden 2013 ). This 486 difference between genetic and demographic connectivity is not surprising as they provide 487 information on different temporal and geographical scales. Demographic data help defining 488 management units, provided that a specific threshold value for the exchange of individuals can be 489 defined. Genetic studies provide large scale differentiation information integrated over a longer time 490 period, making results at a local scale and for shorter time periods less pertinent for management. Dispersal increases the number of individuals of the receiving population and thus is equivalent to 499 an increase in survival. Assuming dispersal occurs only during the first year of life we can express the 500 calculated net contributions of immigrants to the 11 putative populations in terms of a change in first 501 year survival rate. Assuming S 0 = 0.036 (baseline value in table 1), an increase of 18% (maximum 502 estimated net gain due to demographic connectivity) is equivalent to increasing the survival rate to 503 S 0 =0.042, while a 15% decrease (maximum estimated net loss) corresponds to S 0 =0.031. This range of 504 first year survival rates is small compared to the uncertainty surrounding realistic values. An increased 505 survival rate of S 0 =0.042 lead to an increase of the intrinsic growth rate of 2.26% and a decreased 506 survival rate of S 0 =0.031 lead to a decrease of the intrinsic growth rate of 2.11% 507 508
Methodology
509
Several assumptions were needed to overcome the lack of data and biological knowledge. In the 510
Usher model first year survival (S 0 ) was set conditional on other parameter values and assuming a 511 stable population. The resulting survival rate might appear high compared to teleost species (0.036 in 512 Table 1 ). This parameter combines the mortality of eggs and newly hatched individuals. Skates and 513 rays do not provide any parental care making the rigid keratin capsule the only protection against 514 predators (Kormanik 1993 ) and so egg mortality is primarily caused by predation (Bunn et al. 2000 ; 515
Cox et Koob 1993). Lucifora and Garcia (2004) reported gastropod predation rates around 0.24 for 516 four ray species in the Southwest Atlantic. The sensitivity and elasticity analyses showed that this 517 parameter was influential for the population dynamics of a thornback ray-like species; a similar 518 importance can be assumed for other skates and rays in European waters which share similar life 519 history traits (Supplementary table S1 ). (Marandel et al. 2016) . At an evolutionary time scale, over the 10 000 years simulated for genetic 536 connectivity, sea level and temperature increases probably triggered changes in populations 537 distributions and abundances. Thus the constant dispersal rates and population abundances that we 538 used should not be taken as realistic neither in genetic nor demographic terms. The results should 539 rather be regarded as indicative of the potential magnitude of the contrast between the genetic and 540 demographic connectivity. However, if times series of abundance estimates were available for all 541 putative populations these might be used directly for studying demographic connectivity by analysing 542 synchronism in interannual abundance variations (Östman et al. 2017) . 543
In genetic simulations due to computational limits, simulated population abundances were much 544 smaller than likely actual abundances. However, this did not affect the spatial pattern of genetic 545 differentiation, only the absolute F ST values, which might be higher in our simulations than in actual 546 populations, as in reality their larger number is expected to reducing genetic drift. For genetic connectivity dispersal was assumed to occur for newborns only. This is equivalent to 562 assuming that each individual reproduces in one population only during its life, either in its native 563 population or in the one it dispersed to before maturing. Thus the assumed dispersal rates should be 564 considered as the contribution of dispersal to each population and not as the individual contribution. If 565 the assumed dispersal rates were applied to all ages, genetic connectivity could be modified as the age 566 of the disperser will affect the number of years during which it will reproduce in the receiving 567 population and so will differently affect the gene pool. 568
Genetic connectivity was modeled by simulating a neutral marker. Neutral loci have been 569 recommended for identifying management units (Funk et al. 2012) . However in the case of recently 570 differentiated populations with large population size, markers under selection may be more efficient 571 (Reiss et al. 2009; Gagnaire et al. 2015) . Using non-neutral markers in simulations would require 572 assumptions on the dynamics of selection. Local adaption might mean that immigrants have lower 573 fitness, which would reduce their contribution to genetic connectivity, as their genotypes would be 574 less integrated into the local gene pool. As a consequence their contribution to population dynamicsD r a f t 23 could be modified and demographic connectivity reduced. Therefore, if adaptation to regional 576 environment has occurred, both genetic and demographic connectivity could be lower than estimated 577 in this study. 578
Demographic connectivity was studied applying a single dispersal event to the assumed population 579 abundances. Given these abundances were derived from recent landings their relative proportions 580 might be expected to reflect the contemporary situation in which case applying a single dispersal 581 event would be informative for current management. Contrary to species for which dispersal primarily 582 occurs during the larval phase and for which ocean current models can be used to predict connectivity, 583 there is no reason to believe that thornback ray, or any other ray or skate for that matter, would follow 584 bottom currents. Thus to develop a more complex dynamic model, knowledge on factors determining 585 individual dispersal, survival and reproduction would be needed for all putative populations. None of 586 these are currently available. 587
Conclusion
588
Demographic and genetic connectivity can provide complementary insights for medium sized rays 589 and skates as we demonstrated with the example of thornback ray. Genetic connectivity studies should 590 be useful for determining long-term conservation units but will probably not be so helpful for defining 591 management units, while demographic connectivity studies should be able to inform the definition of 592 management units. Both types of analyses strongly depend on relative population abundances (Fig 5  593 and 6e) but also on dispersal rates and patterns. To make progress towards a better estimation of 594 D r a f t 24 thanks Ifremer for a PhD studentship. We would like to thank an anonymous reviewer and the 602 associate editor for constructive comments which helped to improve the manuscript. 
